Infantile Pompe disease (IPD) results from the deficiency of lysosomal acid α-glucosidase (GAA). Classic IPD is characterized by cardiomyopathy, hypotonia, respiratory insufficiency, and, if untreated, death before 2 years of age. [6] [7] [8] Atypical, or nonclassic, patients with IPD present in infancy and typically do not have severe cardiomyopathy; and in some instances there is no cardiac involvement. Untreated patients with atypical IPD also have rapid disease progression, becoming wheelchair bound and/or ventilator dependent in the first few years of life. 9 The availability of enzyme replacement therapy (ERT) with Chinese hamster ovary cell-line-derived recombinant human acid α-glucosidase (rhGAA, alglucosidase alfa, Myozyme, Genzyme, Cambridge, MA) has led to significant improvements in overall survival and other clinical outcomes. [10] [11] [12] However, complications from the immune response to ERT are an ongoing challenge in Pompe disease. Prior studies have demonstrated the negative impact of high sustained anti-rhGAA IgG antibody titers (high sustained antibody titers; HSATs) on clinical outcomes in IPD. [2] [3] [4] More recently, there are reports of the negative impact of HSATs in adults with late-onset Pompe disease. 13, 14 . Some of the patients treated with alglucosidase alfa also develop IgE antibodies and appear to be at a higher risk for anaphylaxis and severe allergic reactions. 15 IgE is measured in the setting of a hypersensitivity reaction and is not routinely tested. The longer term therapeutic efficacy of alglucosidase alfa appears to be more strongly associated with anti-rhGAA IgG antibodies. The impact of IgE antibodies on clinical outcomes, in the absence of anaphylaxis, is still unclear and requires further investigation. In addition to the antibody response, ERT has also been shown to induce a T-cell response. 16 IPD serves as an excellent model with which to evaluate immune tolerance induction (ITI) protocols as it is a rapidly progressive disease and any clinical interventions or factors altering Purpose: High sustained antibody titers complicate many disorders treated with a therapeutic protein, including those treated with enzyme replacement therapy, such as Pompe disease. Although enzyme replacement therapy with alglucosidase alfa (Myozyme) in Pompe disease has improved the prognosis of this otherwise lethal disorder, patients who develop high sustained antibody titers to alglucosidase alfa enter a prolonged phase of clinical decline resulting in death despite continued enzyme replacement therapy. Clinically effective immune-tolerance induction strategies have yet to be described in the setting of an entrenched immune response characterized by high sustained antibody titers, wherein antibody-producing plasma cells play an especially prominent role.
methods:
We treated three patients with infantile Pompe disease experiencing marked clinical decline due to high sustained antibody titers. To target the plasma cell source of high sustained antibody titers, a regimen based on bortezomib (Velcade) was used in combination with rituximab, methotrexate, and intravenous immunoglobulin.
results:
The treatment regimen was well tolerated, with no obvious side effects. Patient 1 had a 2,048-fold, and patients 2 and 3 each had a 64-fold, reduction in anti-alglucosidase alfa antibody titer, with concomitant sustained clinical improvement.
conclusion: The addition of bortezomib to immunomodulatory regimens is an effective and safe treatment strategy in infantile Pompe disease, with potentially broader clinical implications.
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key Words: antibodies; bortezomib; enzyme replacement therapy; glycogen storage disease type II; immune modulation efficacy of ERT tend to manifest rapidly via well-defined clinical end points. Recently, emerging clinical evidence regarding the effect of the immune response to ERT in IPD has spawned investigations into new approaches toward ITI designed both to preclude an immune response in the ERT-naive setting and to eliminate the immune response in patients with IPD who had only recently commenced ERT. 17, 18 Despite attempts at ITI in patients with IPD who developed HSAT, success has been elusive. 19, 20 Combinations of various drugs, such as rituximab, cyclophosphamide, and intravenous immunoglobulin (IVIG), and plasmapheresis in IPD with HSAT and in hemophilia have shown little success in reducing HSAT. [19] [20] [21] [22] [23] Failure of these agents to reduce and sustain a reduced antibody titer can potentially be explained by the hitherto use of agents that do not target antibody-producing plasma cells. 20, 24 Bortezomib is a proteasome inhibitor that targets both short-and long-lived plasma cells, and is an agent of potential benefit in eliminating HSAT. 25, 26 Herein we present three patients with IPD treated with ERT who, despite initial clinical improvement, subsequently declined following the development of HSAT. All three patients were treated with a bortezomib-based immunomodulatory regimen.
methods
We included patients who met criteria for IPD (classic or atypical) with anti-rhGAA IgG antibody titers of ≥1:51,200 on two different occasions at/or beyond 6 months post-ERT initiation. by echocardiogram), and presentation within the first year of life. Patient 3 had atypical IPD without cardiomyopathy and presented in the first year of life. Cross-reactive immunologic material (CRIM) status was determined as described earlier based on the reactivity of a pool of monoclonal and polyclonal anti-GAA antibodies capable of recognizing both native and recombinant GAA. 27, 28 A patient was designated as CRIMpositive if any of the GAA protein forms (unprocessed precursor band at 110 kDa or any of the processed forms) were detectable on western blot analysis; a patient was designated as CRIM negative if none of these protein forms was detectable on western blots (processed and unprocessed).
3 Anti-rhGAA antibody titers were serially evaluated by Genzyme, as recommended in the Myozyme package insert. 29 The fold reduction in antibody titer was calculated by dividing the initial titer value by the current antibody titer value. Urinary glucose tetrasaccharide (Glc 4 ), a biomarker for overall glycogen burden in skeletal muscle, was determined by high-pressure liquid chromatography with UV detector and tandem mass spectrometry (electrospray ionization mass spectrometry), as previously described. 30 . After discussion with the Northern California Regional Kaiser Genetic Diseases Treatment Advisory Board, and after obtaining written parental informed consent, a trial of a bortezomib-based regimen was commenced in patient 1. The parents of patients 2 and 3 agreed to physician-directed use of bortezomib as a life-saving measure. Bortezomib was available in both hospitals' formulary for pediatric use in refractory leukemia. The bortezomib-based regimen is outlined in Figure 1a -c for patients 1, 2, and 3, respectively.
case description and findings Patient 1. This patient, a 4-year-old Caucasian male, was diagnosed with IPD at the age of 5 months. Patient demographics, CRIM status, and mutation data are shown in Table 1 . Diseaseassociated signs and symptoms were first noted at age 3 months and included hypotonia as well as feeding and sucking difficulties. He had significant cardiomegaly at 5 months. Baseline (i.e., before initiation of ERT) clinical parameters, including cardiac, motor, respiratory, and feeding status, and laboratory . Rituximab was thereafter administered on a monthly basis. Monthly IVIG was administered as described for patient 1. (c) In patient 3, bortezomib was administered as described for patient 1. Six such cycles were administered between weeks 88 and 153. Rituximab was administered (375 mg/m 2 per dose, i.v.) approximately every month except after the first and third cycle of bortezomib, at which time a total of four weekly doses were administered after the last bortezomib injection. Methotrexate and IVIG were administered as described in patients 1 and 2. Immunomodulation with cyclophosphamide and rituximab. Due to HSATs and concurrent clinical decline, ITI was initiated. Cyclophosphamide (250 mg/m 2 i.v.) monotherapy was administered at weeks 86 and 92 of ERT, followed by rituximab (375 mg/m 2 i.v.) every week from week 92 to week 95 post-ERT initiation (Figure 1) , based on published reports. 16, 17 Despite elimination of a subset of B cells from peripheral blood, as evidenced by a CD19 count of 0%, antibody titers remained persistently high at 1:204,800, and the patient continued to decline clinically in terms of cardiac, motor, and respiratory status (Tables 2-4) . Increasing LVMI resulted in a near-complete left-ventricular cavity obstruction and significant left-ventricular outflow tract obstruction. At this time, he also had an increase in ventilation requirement. Urinary Glc 4 levels peaked at 153.3 mmol/mol of creatinine. The patient was unable to move his arms or legs and his voluntary motor activity was limited to ocular movements.
Immunomodulation using bortezomib-based regimen and subsequent clinical improvement. Given the dire prognosis of this child, and the reasoning that rituximab-resistant, antibody-secreting plasma cells had to be eliminated, a trial of the bortezomib-based regimen was commenced (Figure 1a) .
Following the first cycle of IV bortezomib monotherapy, antibody titers decreased from 1:204,800 to 1:51,200 (Figure 1a) . Cycle two of bortezomib was combined with rituximab, methotrexate, and IVIG to preclude activation of rhGAA-specific naive and memory B-and T-cells and facilitate tolerance induction. This treatment resulted in a further decline of the antibody titer to 1:6,400 (Figure 1a) . Following a third round of bortezomib in combination with rituximab and methotrexate, antibody titers were 1:100 at week 159 of ERT. The decline in antibody titers in this bortezomib-treated patient over time is in stark contrast to the persistence of HSATs in CRIM-negative and high-titer CRIM-positive patients, as well as in patients treated with a non-bortezomib-based immunomodulatory regimen (Supplementary Figure S1 online). 19 The reduction in antibody titers following implementation of an immunomodulation strategy using bortezomib was in close temporal association with a period of marked and prolonged clinical improvement, including significant improvement in cardiac status, decreased ventilatory requirements, and improved motor status (Tables 2-4). The treatment regimen was well tolerated with no apparent side effects. At the time of this report, the patient is no longer receiving bortezomib. Rituximab dose intervals have been increased to 2 months. He continues on methotrexate and IVIG, the latter as clinically needed. The patient continues to receive alglucosidase alfa infusions at 30 mg/kg every week.
Patient 2.
Patient 2 is a 4½-year-old male diagnosed with IPD at 4 months of age. Patient 2 demographics, CRIM status, and mutation data are shown in Table 1 . This patient presented with a cardiac murmur at age 2 months and an echocardiogram showed significant biventricular hypertrophy. Physical exam at age 3 months showed signs of IPD (Tables 2-4). At age 4.5 months, he was started on alglucosidase alfa at 20 mg/kg every other week. Clinical improvement was observed after ERT initiation and included a reduction in LVMI and improved feeding ( Tables 2-4 He maintained adequate physical activity and initially progressed in developmental motor milestones. Although there was an initial phase of improved LVMI, the values continued to deteriorate thereafter (Figure 1b, Tables 2-4) . Even after his B-lymphocyte CD19 count dropped from 17.9% at the onset of rituximab and methotrexate therapy at week 87 to 0.1% at week 89, antibody titers did not drop to <1:102,400. The antibody titers continued to rise again and remained at peak levels of 1:409,600 from week 143 through week 153. At age 3 years and 2 months (week 146 of ERT; ~13 months after the last dose of rituximab and 9 months after the last dose of methotrexate), he developed an upper respiratory tract infection, which led to hospitalization and intubation. During his 6-week hospitalization, he was unable to be weaned from the ventilator; he required ventilator support at discharge (Tables 2-4) . His cardiac, motor, and feeding status deteriorated while he was hospitalized, which was concurrent with increased urinary Glc 4 levels (Tables 2-4) .
Immunomodulation using bortezomib-based regimen and subsequent clinical improvement. A trial of bortezomib was commenced based on the following evidence: results of case 1, worsening clinical status, lack of reduction of antibody titers below 1:102,400 with the rituximab and methotrexate regimen, and the known fact of poor outcome in patients with HSATs. Details of the bortezomib-based immunomodulatory strategy are described in Figure 1b . Following four cycles of bortezomib, in combination with rituximab, methotrexate, and IVIG, antibody titers decreased from 1:409,600 to 1:6,400. As in patient 1, the decline in antibody titers in this bortezomibtreated patient over time is in stark contrast to the persistence of HSATs in CRIM-negative patients (Supplementary  Figure S1 online) . Likewise, the observed reduction in antibody titers, from 1:409,600 to 1:6,400, was closely associated in time with clinical improvement, including cardiac, motor, respiratory, and feeding status (Tables 2-4) . He has had no hospitalizations or illnesses since the start of the bortezomibbased immunomodulatory regimen and has tolerated this regimen well, with no apparent side effects. The patient continues to receive alglucosidase alfa infusions at 20 mg/kg every other week. suspected atypical IPD. ERT with alglucosidase alfa was commenced at age 3.6 years at 20 mg/kg every other week. At this time, the patient required gastrostomy-tube feeds. Urine Glc 4 level at baseline was 67 mmol/mol of creatinine (control value for age >3 years: 3 mmol/mol of creatinine). The patient showed a good clinical response to ERT within the first 6-8 months (26-34 weeks of ERT) as shown in Tables 2-4 .
Rising antibody titers. From a seronegative status at baseline, antibody titers rose to 1:204,800 at week 64 of ERT, where they remained through week 90 (Figure 1c) . Along with the rise in antibody titers, this patient started to decline clinically, including worsening of motor and respiratory status (Tables 2-4) . This was simultaneous with increased urinary Glc 4 levels (Figure 1c, Tables 2-4 ).
Immunomodulation using bortezomib-based regimen and subsequent clinical improvement. Given the rise in antibody titers and concurrent clinical decline, as well as our acquired experience with the two cases mentioned above, a bortezomibbased immunomodulatory regimen was initiated for patient 3 at week 88 of ERT. Details of the immunomodulatory strategy using bortezomib are described in Figure 1c . Following the first round of bortezomib (four doses) in combination with rituximab, methotrexate, and IVIG, the antibody titer dropped from 1:204,800 to 1:51,200 (Figure 1c) . Subsequent administration of the bortezomib-based regimen resulted in further decline in antibody titers to 1:3,200 at week 169 of ERT (Figure 1c) . Along with the drop in antibody titer, the patient experienced significant clinical improvement. There was a substantial reduction in ventilator requirements, as well as an overall increase in strength and energy, and significantly improved motor function (Tables 2-4) . Improvements in speech and swallowing were also noted. Urine Glc 4 levels continued to drop from a preimmunomodulatory value of 149.2 (week 88) to 66.9 mmol/ mol creatinine at week 169 (Figure 1c) . The treatment regimen was well tolerated, with no evident side effects. The patient continues to receive alglucosidase alfa infusions at 20 mg/kg every other week.
discussion
At present, there are over 75 therapeutic proteins approved by the Food and Drug Administration for life-threatening and debilitating chronic diseases, with many more under development. A principal problem precluding the full clinical benefit derived from the use of these agents pertains to the elicitation of immune responses, particularly when a therapeutic protein is immunologically perceived to be a foreign antigen. This represents a common challenge when considering treatment for patients with Pompe disease, mucopolysaccharidosis types I, II, and VI, Fabry disease, and hemophilias A and B. 5, 24, 31 There are various factors that could explain an immune response to a therapeutic protein, but in the patients with Pompe mounting such responses to rhGAA, the major factor is the genetic status of the patient, in which severe mutations in the GAA gene either fail to produce any enzyme or produce a defective enzyme that fails to tolerize the patients' immune systems. Thus, to such an untolerized immune system, the full-length human GAA appears as a foreign protein, to which an immune response is mounted. 24 Other factors of importance in elicitation of immune responses to therapeutic proteins include the following: structural properties of a protein (e.g., sequence variation and glycosylation); impurities and contaminants; frequency and duration of treatment; genetic background of patients; route of administration; and other host and environmental factors. 32 In patients who develop HSATs against ERT, not only can the prognosis be poor but sometimes it can be fatal. 3, 4, 31 In addition to the human toll, the use of therapeutic proteins in patients who are not responding to the treatment because of interfering antibodies can have a large economic impact. Investigation of novel immunomodulatory strategies to preclude or reverse immune responses-and to induce immune tolerance in this setting-is not only critical in terms of therapeutic effect but also for optimal use of health-care resources.
These case studies demonstrate both the safety and efficacy of bortezomib as an immunomodulatory agent in the setting of a well-established immune response to a therapeutic protein. These are the first-known reported cases where successful induction of a prolonged decline in HSATs in a disease with therapeutic protein has been achieved by the use of a proteasome inhibitor (bortezomib). These cases demonstrate a direct relationship between the antibody response (titers and duration) and clinical response. In these three cases, treatment initiation with bortezomib was rapidly followed by sustained reductions in antibodies and clinical benefit. The rapid reduction in antibody titers occurred within a few weeks of starting the bortezomib-based regimen, with titers dropping from 1:204,800 to 1:100; 1:409,600 to 1:6,400; and 1:204,600 to 1:3,200 in patients 1, 2, and 3, respectively. This represents a 2,048-fold (patient 1) and 64-fold (patients 2 and 3) decline in titers as compared with titers at the time bortezomib was initiated. Of note, the marked and sustained decrease in antibody titers was associated with significant, durable improvement across all clinical outcome measures with continued improvement at the time of publication. Clearly, the benefits have been more robust in cardiac parameters as compared with the skeletal muscle response in patients 1 and 2. This is probably due to irreversible skeletal muscle damage that has been noted in other infantile survivors, despite long-term treatment with ERT. 12, 33 Urinary Glc 4 levels correlate with overall glycogen burden and are useful for monitoring response to ERT. 3, 4, 30 . For all three patients, the increase in antibody titers correlated with an increase in urinary Glc 4 levels and clinical decline. Conversely, the decrease in antibody titers associated with immunomodulation using the bortezomib-based regimen led to a reduction (albeit of variable magnitude) in urinary Glc 4 levels and clinical improvement ( Tables 2-4) . As with any immunosuppressive therapy, vaccination response might be diminished with the described bortezomib-based regimen. Live vaccines should be avoided while on treatment and immediately following treatment. Bortezomib is associated with peripheral neuropathy, neutropenia, thrombocytopenia, and gastrointestinal and cardiac side effects. However, no side effects were evident in any of these three patients treated with the bortezomib-based regimen. Total levels of different isotypes of immunoglobulin (total IgG, IgA, IgE, IgM, and IgD) stayed within normal ranges while on this regimen, except for two instances in patient 2 and one instance in patient 1, wherein IgA levels were above normal limits (data not shown). Given the dramatic suppression of immunity, the patients were supplemented with monthly IVIG for infection prophylaxis and to potentially contribute to immunomodulation. 34 Although the mechanism of action of bortezomib in reducing anti-rhGAA IgG antibodies is not precisely known in these cases, we speculate that it is due to proteasome inhibition in both short-lived and long-lived plasma cells. Bortezomib binds to the catalytic site of the 26S proteasome with high affinity and specificity. There are various explanations for the actions of bortezomib and other proteasome inhibitors on plasma cells: (i) plasma cells are exceptionally sensitive to proteasome inhibitors due to their excessive protein (immunoglobulin) synthesis. Blocking the proteasome rapidly induces excessive endoplasmic reticulum stress and activation of the terminal unfolded protein response with induction of the proapoptotic protein and activation of caspases, leading to apoptosis; 26 (ii) proteasome inhibition interferes with degradation of IκB (nuclear factor of κ light polypeptide gene enhancer in B-cell inhibitors) proteins, thereby blocking activation of the transcription factor NF-κB (nuclear factor κ-light-chain-enhancer of activated B-cells), which could contribute to bortezomib-induced plasma cell death; 26 and (iii) bortezomib alters the microenvironment (e.g., interleukin-5 and interleukin-6, tumor necrosis factor-α) required for plasma cell survival and could play a role in its elimination. 26 In addition to its primary action on plasma cells, bortezomib has also been found to act on both T and B cells, thereby further modulating the humoral antibody response. 35 As a proteasome inhibitor, bortezomib may also directly act on muscle in the context of IPD. The ubiquitin-proteasome system is believed to degrade the major contractile skeletal muscle proteins and to play a critical role in muscle wasting. Muscle wasting is a prominent feature of IPD and is similar to other muscle wasting disease states, such as cancer cachexia, sepsis, diabetes, and metabolic acidosis, in which expression of the ubiquitin-proteasome proteolytic pathway is increased in skeletal muscle. 8, 36 Thus, blockade of the proteasome in muscle has the potential to mitigate skeletal muscle wasting and damage, which has been demonstrated preclinically in Duchenne and Becker muscular dystrophies as well as in rat models of denervation-induced muscular atrophy. 37, 38 Recent reports have demonstrated the successful use of immunomodulatory regimens based on rituximab, methotrexate, and either with or without IVIG, in the ERT-naive or early-ERT settings. 17, 18 At present, we do not have enough evidence for the use of the bortezomib-based immunomodulatory regimen described here in the ERT-naive or early-ERT settings.
Conservatively, it appears that this bortezomib-based immunomodulatory regimen should be used in patients with (i) antibody titers of ≥51,200 on two or more occasions at or beyond 6 months of ERT, as they seem to be at highest risk of clinical decline following the development of HSATs 4 and/or (ii) an increasing trend or persistence of antibody titers (regardless of titer value) with associated clinical decline.
As used in these three patients, a combination of drugs that target B cells, T cells, and plasma cells is needed to achieve long-term remission of antibodies and potential induction of immune tolerance, as depicted in Supplementary Figure S2 online. In these cases, the combination of rituximab, methotrexate, and IVIG in addition to bortezomib appeared to be both safe and efficacious, with each drug acting on a different part of the pathway leading to antibody production (Supplementary Figure S2 online).
The immunomodulatory approach described herein represents a promising new strategy for patients with entrenched immune responses to protein replacement therapies. It may also prove successful in addressing autoimmune disorders that fail to respond to agents targeting only T and B cells, such as rituximab and methotrexate. Thus, this immunomodulatory approach should be considered for further study in a variety of settings where patient immune response is implicated in the disease pathogenesis itself or in reduced effectiveness of the respective protein therapy.
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